The residual stress remaining in deformed matrix is evaluated on the basis of the active slip systems and the dislocations necessary for flow. The orientations of the recrystallized grains that are expected to grow preferentially in the internally stressed matrix are predicted by means of a new recrystallization model. The model involves two principles: i) a strain energy release maximization theory and ii) growth by {110} plane matching. The predictions obtained in this way are compared with experimental results and discussed in terms of the possible effect of the internal stresses produced by cold rolling on the recrystallization texture.
Introduction
The texture changes that take place during the annealing of cold rolled steel sheets are characterized by an increase in the intensity of the ND-fibre (͗111͘ parallel to the sheet normal) and the disappearance of the RD-fibre (͗110͘ parallel to the rolling direction). 1) Occasionally, in interstitial free (IF) steels, peaks in the vicinity of {554}͗225͘ dominate the recrystallization texture, while the fibre itself deviates from the idealized skeleton line of the ND-fibre. 2) Numerous models on the basis of the theories of oriented nucleation 3) or of oriented growth 4) have been proposed to account for these phenomena.
Explanations based on the oriented nucleation theory rely on preferred nucleation in the vicinity of the ND-fibre as a result of the high stored energies in grains of these orientations. 5) However, this hypothesis cannot readily explain why the orientation density of the {111}͗110͘ component decreases and a {554}͗225͘ peak-type texture develops during the annealing of cold rolled IF steels after high reductions.
2) By contrast, the oriented growth theory 4) considers that recrystallization textures result from the faster growth of nuclei having specific orientation relationships with respect to the deformed matrix. According to this approach, the selective growth of nuclei takes place because of the higher mobility of coincident site lattice (CSL) 6) or of {110} plane matching (PM) 7) grain boundaries. These two types of grain boundaries with high mobility can be described by a crystallographic rotation about a ͗110͘ axis that is common to both the nucleus and the matrix grain. Although the angle of rotation is fixed in the CSL case, it can vary under PM conditions. A point of particular interest is that the experimentally observed rotations are not equally distributed about the six crystallographically equivalent ͗110͘ axes. With regard to this point, Urabe and Jonas 8) suggested the variant selection rule that only the ͗110͘ axes perpendicular to the most active {110} slip planes of the deformed matrix are able to participate in growth selection.
More recently, Park et al. 9) have proposed a model for the evolution of recrystallization textures in b.c.c. metals. It relies on two principles: first, the absolute maximum internal normal stress direction in the deformed grain becomes the minimum Young's modulus direction in the recrystallized grain; second, a {110} plane containing the absolute maximum principal stress direction (and hence the minimum Young's modulus direction) is taken as the invariant (i.e. plane matching) plane. The first principle is based on the strain energy release maximization model originally proposed by Lee 10) and the second corresponds to a {110} plane matching model combined with a variant selection rule. In this case, variant selection relies on the physical principle of favoured growth along the minimum Young's modulus direction
In the present study, the model by Park et al. 9) was employed to account for the texture changes during the annealing of a cold rolled IF steel. For this purpose, a method was developed to determine both the maximum internal stress directions in the deformed matrix and the specific ͗110͘ rotation axes selected. Although steel sheet is subjected to plane strain conditions during rolling, a shear texture generally develops in the surface layers of the material owing to the redundant shear strains caused by friction between the sheet surface and the rolls.
11) The current model will therefore also be employed to predict the evolution of the shear texture during annealing.
Model Description
In order to apply the model, it is first necessary to determine the maximum internal stress directions in the deformed matrix and the ͗110͘ rotation axes suitable to the present model. The method of determining these two parameters will now be described.
Determination of the Maximum Internal Stress
Direction The stored energy involves point defects and dislocations generated during deformation. Since point defects do not contribute significantly to the stored energy, the essential difference between the deformed and annealed states lies in the dislocation content and arrangement. 12) With regard to the evolution of texture during annealing, only edge dislocations need be considered, as the stress field contributed by a screw dislocations is symmetric about the center of the dislocation. 13) The stress distribution around an edge dislocation can be expressed by the following stress components lying in the (xy) plane: 13) where t o ϭG/2p(1Ϫn), b denotes the magnitude of the Burgers vector, G is the shear modulus and n is Poisson's ratio. Figure 1 depicts the stress field described by Eqs. (1), (2) and (3); here it is represented solely in terms of principal stresses. The lengths of the arrows correspond to the relative magnitudes of the principal stresses and the directions of the arrowheads reflect the signs of the principal stresses, i.e. whether they are tensile or compressive. After unloading, various stable dislocation configurations are formed. One such example concerns the dipoles illustrated in Fig. 
2.
14) The theory of elasticity 13) was employed to calculate the stress field generated by the two sets of five parallel edge dislocations shown. Since the energy of a dislocation is not reduced in pile-up configurations, 12) the dislocation arrangement shown in Fig. 2 corresponds to a relatively high stored energy state.
It is important to note that, for the configuration in Fig. 2 , the absolute maximum normal internal stress direction is parallel to the direction of the Burgers vector (and, hence, to the slip direction). If only one slip system is activated along each of the two slip planes shown, the maximum internal stress direction is parallel to the slip direction. If more than one slip system is activated on an identical plane, an "effective slip direction" must be calculated; this is given by the vector sum of the number of edge dislocations on each of the active slip systems. Under these conditions, the maximum internal stress direction is assumed to be parallel to the "effective" slip direction; furthermore, each grain can contain more than one such direction, e.g. when two slip planes (i.e. 3 or 4 slip systems) are particularly active. Thus, in order to determine the maximum internal stress direction on each slip plane and in each grain of a deformed matrix, the numbers of edge dislocations piled-up on all the active slip systems should be evaluated. However, because of the complexity of such calculations, it was simply assumed that the number of edge dislocations stored on a given slip system is proportional to the amount of shear on the system in question. In the present study, activation of the {110}͗111͘ and {112}͗111͘ slip systems (total 24 slip systems) was assumed, and a strain rate sensitivity model 15) based on Taylor assumption 16) was employed to calculate the amounts of the shears.
Variant Selection and {110} Plane Matching
According to the present strain energy release maximization rule, i.e. to the first principle of the current model, once the one or two maximum internal stress directions in a given texture component have been determined, these become the one or two possible minimum Young's modulus directions during recrystallization. That is, the recrystallization process will favour the growth of neighbouring "low modulus" nuclei, as they are best able to release the stored energy. Here, it is implicit that many potential nuclei are present in each matrix grain but only those satisfying the present condition are able to grow rapidly. In steel (Fe), the minimum Young's modulus direction is calculated to be ͗100͘. The second principle of the current model builds on the results of the first one. According to the plane matching theory, 7) the boundaries between grains that are characterized by rotations about a common ͗110͘ axis are potentially highly mobile in steels. In the present study, the {110} plane matching condition that concurrently satisfies the first principle automatically gives the variant selection rule. More specifically, the selected ͗110͘ axis is normal to the common {110} plane that contains both the maximum internal stress direction in the deformed matrix grain and the minimum Young's modulus direction in the new grain or nucleus. It is noteworthy that the {110} plane parallel to the absolute maximum internal stress direction can also be the "most active slip plane" employed in the model by Urabe and Jonas. 8) 
Experimental Procedure
The chemical composition of the Ti-Nb bearing IF steel used for the present work was Fe-0.002C-0.07Mn-0.008P-0.007S-0.03Al-0.002N-0.013Nb-0.04Ti (wt%). The as-received thickness of the hot band was 4.83 mm. Samples of hot band were cold rolled using a laboratory mill, whose roll diameter is 200 mm, to a reduction of 78 % with a lubricant for the plane strain case and without lubricant when surface shearing was desired. To produce full recrystallization, the strips were annealed at 850°C for 40 sec in a continuous annealing simulation furnace. In order to investigate texture development in the initial stages of recrystallization, strips were also annealed at 650°C for various times in a salt bath.
X-ray pole figure measurements were used to determine the macrotextures and the orientation distribution functions (ODFs) were computed from the measured {110}, {200}, {112} and {103} pole figures by the series expansion method (l max ϭ22).
20) The electron backscattering diffraction (EBSD) technique in an SEM was employed to determine the microtextures at the early stage of recrystallization. In this case, the orientations of individual grains were evaluated on sections perpendicular to the transverse directions of the specimens. For good contrast in the SEM and for optical metallography, the samples were etched in a 5 % nital (HNO 3 : C 2 H 5 OHϭ5 : 95).
Texture Changes during Annealing
It is generally assumed that well-lubricated steel sheets are subjected to plane strain conditions of deformation during cold rolling, so that typical plane strain textures are readily developed (at least along the mid-planes). Nevertheless, the "surface textures" of sheets can reveal the presence of greater or lesser amounts of shear texture components. In order to exaggerate the shear texture, cold rolling was also carried out without any lubricant whatsoever. In the following sections, the observed deformation and recrystallization textures are described and the current model is employed to account for the effect of strain path on these textures.
Plane Strain Texture
Figure 3(a) depicts an (001)[110] oriented grain embedded in a polycrystalline specimen that is being cold rolled under plane strain conditions. Here, the deformed grain is represented as an orthorhombic parallelepiped for simplicity, even though cold rolled grains are more irregularly elongated. Activation of the (112) (001) The experimental texture pertaining to the central layer of the IF steel after 78 % reduction by cold rolling with lubricant is illustrated in the form of a j 2 ϭ45°ODF section as shown in Fig. 5 . It is characterized by the presence of strong RD-and ND-fibres. The above method was therefore extended to the texture components contained in the RDand ND-fibres; the results obtained in an interval of 5°a long these fibres are listed in Tables 1 and 2 , respectively. For each of the RD-fibre components, there are always two symmetrical maximum internal stress directions and hence two equivalent sets of rotation axes and angles. This procedure thus leads to two crystallographically equivalent recrystallization texture components. On the other hand, the ND-fibre oriented grains (except for {111}͗110͘, which also belongs to the RD-fibre) have either one or two asymmetrical maximum internal stress directions. In the latter case, two different recrystallization texture components are predicted to form in grains of a single orientation.
The j 2 ϭ45°sections of the ODFs computed on the basis of Tables 1 and 2 , respectively, are shown in Figs. 6(a) and  6(b) . These were calculated using Gauss type scattering functions [21] with a half width of 11°. As shown in Fig.  6(a) , the recrystallization texture components that are predicted to form from the RD-fibre contribute to a peak-type of texture, whose maximum intensity is located near {554}͗225͘. The ND-fibre components of the rolling texture on the other hand are expected to transform into a more fibrous recrystallization texture that more closely approximates the ND-fibre, as shown in Fig. 6(b) . In this case, the major component is {111}͗112͘. Figure 6(c) , which is derived from the superposition of Figs. 6(a) and 6(b) , displays a mixture of the peak-type and fibre-type textures. The texture of the central layer of the 78 % cold rolled specimen (Fig. 5 ) after annealing is presented in Fig. 7 .
Comparison of Figs. 6(c) and 7 reveals that the recrystallization texture simulated using the present model is in relatively good agreement with the experimental observations, especially when it is recalled that no allowance was made in the calculations for the dependence of the probability of nucleation on orientation.
Shear Texture
The experimental texture of the surface layer of the IF steel after 78 % reduction by cold rolling without lubricant is presented in Fig. 8(a) . The Goss component, {110}͗001͘, dominates the deformation texture and remains in place after subsequent annealing, in Fig. 8(b) , although at a reduced orientation density. Some random components seem to have got the possibility to grow, probably by immobility of the nuclei with the {110}͗001͘ orientation due to low angle boundaries. These observations can be readily explained using the present model. The to the effective slip direction, [010] . Since [010] itself is a minimum Young's modulus direction in steel, no orientation change is expected to occur on recrystallization.
Discussion

Microstructures and Microtextures
The important metallographic features of cold rolled IF steels are the flattened grains and the in-grain shear bands within them, as depicted in Fig. 10(a) for the present material. Although the increase in grain boundary area during deformation increases the energy stored in the deformed matrix, 22) it does not contribute to the evolution of the anisotropy or of the recrystallization textures. Thus, our concern here is the possible contribution of the in-grain shear bands.
The in-grain shear bands correspond to the narrow regions of intense shear that carry large strains during deformation. 23) According to Humphreys and Hatherly, 12) the number of shear bands increases rapidly with strain (e) and, in the range of 0.8ϽeϽ2.6, the formation of such bands appears to become the major deformation mode. It follows that the occurrence of bands is related to the movement and accumulation of dislocations on active slip systems. Barnett and Jonas 24) reported that, in their IF steels, the in-grain shear bands were inclined principally at angles of 30°-35°t o the rolling plane and occasionally at 17°-20°. These observations are consistent with those made in the present work and with the earlier literature. 12) Another feature of the shear bands observed in IF steels is that they are, on a macroscopic scale, relatively planar and parallel to each other within the individual grains.
By referring back to Tables 1 and 2 , it can be seen that most of the maximum internal stress directions associated with the RD-fibre components (Table 1) or the ND-fibre components (Table 2) (Fig. 4) . These coincide exactly with the inclinations of the in-grain shear bands observed by Barnett and Jonas 24) in their {111}͗112͘ oriented grains. Although the effective slip directions are, in most cases, not true crystallographic slip directions, they nevertheless represent the actual shear directions associated with the localized strain. 25) Thus, in-grain shear bands can be regarded as resulting from pile-up of the dislocations generated during deformation. Figure 10(b) shows the initial stages of recrystallization in the present IF steel after it had been cold rolled to a reduction of 78 %. It can be seen that the new grains have preferentially formed along the in-grain shear bands in the recovered matrix. The orientations of 360 new, recrystallized grains observed at the in-grain shear bands were determined by EBSD technique. An ODF was then calculated with the aid of Gauss type scattering functions (half width of 11°) from the single grain orientation measurements. The reconstituted ODF determined in this way is illustrated in Fig. 11 . It resembles the ODF in Fig. 6(c) ODF in Fig. 7 . All three follow the ND-fibre in an approximate way. Nevertheless, the new grains formed in the initial stages of recrystallization are concentrated in the vicinity of {111}͗011͘ and {223}͗142͘, while those that grew in the later stages are closer to {111}͗112͘ and {554}͗225͘. These results show that the precise features of the recrystallization texture are still evolving during the later stages of recrystallization and that the important mechanisms at this stage are at least partly controlled by growth. Hence it supports the view that the growth selectivity, which is the principal feature of the present model, can play an important role in static recrystallization in the present material.
Rotation Axes and Angles
It has frequently been reported that highly mobile grain boundaries in bcc metals are associated with rotations of 25°-35°about ͗110͘. [26] [27] [28] [29] However, in these previous studies, no rule was suggested for selecting the actual rotation axis out of the six crystallographically equivalent ͗110͘ axes. Nor was the magnitude of the rotation angle or its sense known a priori for any particular axis. Furthermore, the 25°-35°͗110͘ rotations were essentially deduced solely from the orientation relationships linking the major components of the deformation and recrystallization textures.
By contrast, in the present model, once the maximum internal stress directions have been determined for a deformed matrix, the specific rotation axes as well as the magnitude of the angles and their senses are simultaneously fixed. The dependence of the ͗110͘ rotation angle w on f along the RD-fibre is illustrated in Fig. 12(a) and that on j 1 along the ND-fibre in Fig. 12(b) . The rotation axes and the angles are listed in Tables 1 and 2 . For the RD-fibre components, since there are always two symmetrical maximum internal stress directions in a given grain, two sets of crystallographically equivalent rotation axes and angles are obtained. It is important to note that the current model calls for the transformation of the {112}͗110͘ component (with Euler angles (0, 35, 45)) of the RD-fibre into the {554}͗225͘ component (with Euler angles (28.7, 53.3, 51.4) , cf. Table 1 ) based on preferential growth around a common ͗110͘ axis. In this case, no explicit assumption is made regarding variant selection. The role of variant selection is played instead by the rule concerning the minimum Young's modulus direction. In a similar manner, the present hypothesis replaces the need for making assumptions regarding the rotation angle around the common ͗110͘ axis.
As shown in Fig. 12(a) , the ͗110͘ rotation angle w decreases systematically with increasing f along the RDfibre. The 25°-35°͗110͘ rotation which, as mentioned above, has been frequently reported in the literature [26] [27] [28] [29] corresponds approximately to 35°ՅfՅ45°. This range includes ideal orientations such as {112}͗110͘, {223}͗110͘, etc., which are known to be stable end orientations in cold rolled steels. 30, 31) Thus, the 25°-35°͗110͘ rotation seems to play an important role in the transformation of cold rolling textures into the recrystallization textures.
A different situation applies to the ND-fibre. In this case, the two effective slip directions are unsymmetrical except for the {111}͗110͘ component, which is also a part of the RD-fibre. It follows that two different sets of rotation axes and angles are associated with each of the ND-fibre components ( Fig. 12(b) ). Hence, two different recrystallization texture components are predicted by the present model. The angle of inclination with respect to the rolling plane always lies in the range of 30°-35°for one of the effective slip directions, whereas that associated with the other effective slip direction decreases with increasing j 1 .
The lower the angle between the effective slip direction and the rolling plane, the lower is the contribution made by the associated slip systems to the true strain. Thus, the amount of shear associated with the effective slip direction with the inclined angle less than 30°is smaller than the shear pertaining to the other effective slip direction with the inclined angle greater than 30°. In the present work, only the latter was employed as a maximum internal stress direction (see Table 2 ); this was based on the assumption that the accumulation of dislocations (and hence, the magnitude of the corresponding internal stress) on a given slip plane is proportional to the amount of shear taken place on that plane. Fig. 12(b) corresponds to the effective slip directions that were not adopted as the maximum internal stress directions.
Discrepancies between Predictions and Observations
The recrystallization textures of cold rolled steels are characterized by intensity peaks that are superimposed on the ND-fibre. Generally, for reductions up to 70 % the NDfibre dominates the recrystallization texture, sometimes with supplementary peaks in the vicinity of {111}͗110͘. When larger reductions are used, the peaks move to the neighbourhood of {111}͗112͘, as mentioned above. 1, 32) As pointed out by Hayakawa and Szpunar, 33) most of the previous "oriented growth" models have failed to account for the appearance of new ND-fibre grains as a replacement for ND-fibre deformed grains. However, this experimental observation is readily explained in terms of the present model, as shown in Fig. 6(b) . The peak-type recrystallization texture shown here becomes more intense when the cold rolling reduction is increased.
2) The increase in cold rolling reduction introduces significant deviations from the ideal ND-fibre so that the intensity of {111}͗110͘ would decrease to a level below that of {111}͗112͘. This phenomenon, as well as the recrystallization behavior of shear textures, can be successfully accounted for using the present model. When Figs. 6 and 7 are compared, there nevertheless remains a discrepancy between the predicted and observed recrystallization textures. The predicted ODF (Fig. 6(c) ) underestimates the intensity of the {111}͗110͘ component when compared to the experimental ODF; i.e. the predicted ND-fibre is somewhat weak in the vicinity of j 1 ϭ0°and 60°on the j 2 ϭ45°section of the ODF. Furthermore, {111}͗110͘ is the most important single component of the recrystallization texture in steel sheets cold rolled to reductions of less than 70 %. 32) However, the important role of oriented nucleation was neglected in the present treatment. Given that there are plenty of potential nuclei in the vicinity of {111}͗110͘ in the deformed matrix (Fig. 5) , the introduction of a term representing the probability of nucleation is likely to increase the strength of this component. Such an approach was employed by Kestens and Jonas, 34) who proposed a recrystallization model based on a combination of oriented nucleation and selective growth. They demonstrated that suitable nucleation and growth algorithms can successfully account for the recrystallization textures observed in IF steels.
Summary and Conclusions
(1) A selective growth model was employed to account for the texture changes that take place during the annealing of a cold rolled IF steel. The model is based on two principles: a strain energy release maximization and growth by means of {110} plane matching. The model was then applied to predicting the textures that are expected to appear after prior deformation under both plane strain as well as shear conditions.
(2) In deformed grains, the in-grain shear bands are parallel to the effective slip directions and hence to the maximum internal stress directions after unloading. In the initial stages of recrystallization, the orientations of the new grains that appear along the shear bands lie along the NDfibre.
(3) The model predicts that a peak-type of recrystallization texture centred around {554}͗225͘ develops from the deformed grains belonging to the RD-fibre. Conversely, an ND-fibre type texture with a peak near {111}͗112͘ originates in the ND-fibre portion of the deformation texture. Superposition of these two types of textures leads to a simulated recrystallization texture that is in approximate agreement with the experimental observations.
(4) It is expected that the remaining discrepancies between the predictions and the observations would be considerably reduced if the model were extended to permit oriented nucleation.
